This article estimates the impacts of health information technology (HIT) on health-care delivery in the Wenchuan County of China, where the devastation of the 2008 Great Wenchuan Earthquake and the subsequent large-scale HIT implementation (the Healthy Wenchuan Program) offers a 'natural experiment' opportunity, enabling us to conduct a difference-in-difference evaluation of the potential benefits of HIT on accessibility, affordability and appropriateness of health-care services in the underdeveloped rural area. Based on data collected from two field surveys in township hospitals, we find that for both the inpatient and outpatient samples, the HIT system promotes access to medical care by increasing doctor referrals and encouraging within-county medical utilization, reduces patient financial burden in certain expenditure categories, and contributes to higher patient satisfaction on medical care quality. On the other hand, we also find that HIT leads to increased patient waiting time for hospital registration, reflecting the unique challenges in implementing HIT in the underdeveloped areas. Our study contributes to the growing body of literature on evaluating the impacts of HIT application in the developing regions, and provides implications on the potential role of HIT in China's national health system reforms.
Introduction
With rapid advancement of information and communication technology, the concept of health information technology (HIT) has gained increasing popularity in recent decades around the world. HIT systems usually encompass such functional modules as electronic health records (EHR), computerized physician order entry (CPOE), decision support system (DSS) and Picture Archiving and Communication Systems (PACS). It can also realize such functions as remote diagnosis, tele-consulting, tele-training and remote patient monitoring. Commonly seen as a potential way to deliver high-quality health-care services at affordable costs in the information era, HIT has been widely promoted in both developed and developing countries (Table 1 summarizes the recent HIT campaigns in some major countries).
With fast HIT expansion, burgeoning scholarly attention is being paid to its potential impacts on health-care delivery. HIT has been shown to improve access to health care by promoting successful referrals. In contrast with the traditional paper-based referral process that often encounters missing medical records (Digiacomo et al. 2010) , HIT features electronic recording and real-time sharing of patient health information, thus can facilitate referrals among different health professionals (Graetz et al. 2008; Mckenna, 2010) . Additionally, telemedicine, which assists diagnosis and treatment over distance by the use of visual communication technologies, is effective in improving medical access for people residing in remote areas (Dorsey et al. 2010 ).
Published evidence also shows beneficial effects of HIT on medical spending. First, HIT can cut down on the overall medical costs by preventing redundant medical tests and examination. For example, EHR and PACS can prevent repeated tests by enabling timely sharing of laboratory and imaging results (Chaudhry et al. 2006) . Second, HIT can lower medical costs by reducing medical errors through DSS, which offers physicians evidence-based guidelines for medical decisions and alerts them when improper prescriptions are made (Garg et al. 2005; Terrell et al. 2009; Kadmon et al. 2009; Bhardwaja et al. 2011) . The annual savings associated with test results sharing and DSS related safety enhancement are estimated to be $31.8 billion and $81 billion in USA, respectively (Walker et al. 2005; Hillestad et al. 2005) .
HIT is also shown to improve health-care quality. Apart from preventing medical errors, DSS can promote the delivery of preventive care including vaccination, thrombosis prevention and diseases screening (Kucher et al. 2005; Saldaño et al. 2011; Carroll et al. 2012; Laporta et al. 2012) . Another channel of quality improvement is facilitating clinical monitoring by largescale screening and data aggregation, which may enable timely recording and effective improvements for quality-of-care indicators. For example, large-scale EHR data has been used to identify incidence of adverse drug events (ADEs) and to draw effective policy implication that leads to significant ADE reduction (Classen et al. 2005; Jha et al. 2008; Linder et al. 2010) .
However, most of the above conclusions are drawn from developed countries, and relatively little evidence has been established in the underdeveloped areas, where HIT impacts may be systematically different from those in the developed regions for at least two reasons. First, hospitals in poorly developed areas usually lack sufficient financial resources for the maintenance of installed HIT, which can limit its full utilization and reduce its value in health-care delivery (Miller et al. 2005; Amarasingham et al. 2009; Yu et al. 2009; Parente and McCullough 2009) . Second, systematic differences exist in health-care settings between hospitals in developed and underdeveloped areas: on the one hand, HIT functions can be less valuable in underdeveloped areas due to less utilization of multi-specialty co-ordination among physicians (McCullough et al. 2010) ; on the other hand, patients located far away from medical centres (such as the rural regions) can benefit greatly from telemedicine and the electronic exchange of medical information between local clinics and advanced medical facilities. Third, the differences in physician Information Technology (IT) skills, technical support and policy environment can also contribute to differentiated HIT impacts (Pizzi et al. 2005; Bramble et al. 2010) . In this article, we intend to fill the void in the literature by assessing a large-scale HIT implementation in an underdeveloped rural county in China, taking advantage of a unique natural experiment opportunity provided by the devastating 2008 Great Wenchuan Earthquake.
The main contribution of our study lies in the following aspects. First, this is among the first attempts to evaluate the impacts of HIT using the natural experimental study design. The earthquake largely removes the pre-existing heterogeneity in infrastructure among health institutions, and the differencein-difference (DID) method further eliminates some of the unobserved differences in HIT implementation among hospitals and between time periods, providing a more accurate and robust assessment compared with the previous studies relying on single period or single group datasets. Second, as mentioned above, we complete the literature by providing new evidence on the impacts of HIT intervention in the indigent rural county. In some aspects, the land-locked Wenchuan County is representative for many other underdeveloped areas in China with inadequate transportation, low per-capita income, insufficient health-care financing, and under-supply of qualified healthcare professionals.
1 Additionally, our study may provide reference for other developing countries with similar characteristics that intend to use HIT to address their health-care challenges. Third, HIT has been proposed as a major component in the new round of national health reforms in China, but limited empirical studies have been done so far to justify such expansion. As the Wenchuan experiment is considered a role model for HIT application in rural China, our study can provide timely implications for the ongoing health policy reforms: the dimensions in health-care delivery with the most discernible benefits can be promoted as a prototype for effective HIT reforms for other regions, and the areas with noticeable weakness can be used as precautions for future HIT investment.
Methods

Study setting
The 2008 Great Wenchuan Earthquake is the deadliest earthquake to hit China since 1976. It left 69 197 people dead, 374 176 people injured, and 4.8 million people homeless. The Wenchuan County was the epicentre of the earthquake and suffered the greatest loss among all the affected regions. In addition to significant loss of lives, most of the county's healthcare infrastructure was evaporated, including one centre for disease control, three county-level hospitals, 13 township health centres and 154 village clinics. Meanwhile, surging health-care demand arose after the earthquake, posing a formidable challenge to Wenchuan, which was struggling with its remote location, insufficient financial resources and shortage of qualified health-care providers. Therefore, the Healthy Wenchuan Program, a collaborative effort between the county government and the Cisco Corporation, was established to strengthen the local health-care sector through the installation of a comprehensive HIT system. The system involves the application of EHR, CPOE, DSS, regional health data sharing and tele-health networks (specific functional modules can be found in Table 2 ). The HIT installation was phased into local hospitals (by two phases) and the early exposure of HIT installation is quasirandom, providing an opportunity for natural experimental study. The reason that some hospitals were exposed to the latter HIT implementation is that the earthquake destroyed the roads to them, making them geographically inaccessible in the first phase. The exogenous nature of the earthquake shock justifies the 'natural experiment' assumption, enabling us to treat the early installed hospitals as the treatment group and the latter installed as the control. However, several concerns may still be raised about the comparability between the two groups, which are addressed as follows. First, hospitals in the control group may be the ones with destroyed roads and thus may suffer more damages from the earthquake; however, all the studied hospitals are within one county across which the magnitude of earthquake is the same, indicating that the earthquake damages are not systematically different between the two groups. Second, the lack of access to roads in the control regions may influence measured outcomes through channels other than HIT-for instance, individuals may get cut off from jobs or other government intervention programmes could not access these areas; however, the roads had been repaired by the time of the baseline survey which greatly reduces such concerns, and based on our knowledge, there was no significant difference in other government intervention programmes between the control and treatment areas. Third, there may be concerns that the hospitals in the two groups are inherently different; although such a possibility cannot be completely ruled out, its impact is largely reduced by the deadly earthquake that destroyed all health-care facilities in the county, helping to remove such pre-existing heterogeneity. We also report the group-wise baseline statistics in Table 3 , which shows that the majority of patient and hospital characteristics do not differ significantly between the two groups.
Data source
We conducted two large-scale on-site surveys in all hospitals in Wenchuan: the baseline survey was conducted in October 2010, shortly after the initiation of Phase I HIT implementation in March 2010, when all of the local hospitals had been exposed to little HIT utilization; the follow-up survey was conducted in November 2011, shortly after the initiation of Phase II HIT implementation in September 2011, when the treatment hospitals had been fully utilizing HIT, 2 while the control hospitals still experienced little use of it. In each survey stage, a county-representative patient sample was selected based on a stratified random sampling method. We first divided the entire target sample into 11 strata identified by the township hospitals in Wenchuan; the inpatient and outpatient sample size of each stratum was proportional to the annual volume of inpatient and outpatient visits of each institution, respectively. Then we selected subjects in each stratum using a simple random sampling method. To ensure the completeness of the patients' information and to minimize their recalling errors, the surveys for outpatients were conducted at the check-out counter where most patients have just finished their doctor visits, and the inpatient surveys were conducted when the patients had finished their hospital treatment and were about to be discharged. As a quality control measure, a random sub-sample of patients was selected after each survey round, for whom a telephone interview was conducted to verify the accuracy of the recorded information.
Our sample consists of 739 outpatient respondents (375 for the baseline survey and 364 for the follow-up) and 237 inpatient respondents (122 for the baseline survey and 115 for the follow-up) from six treatment hospitals and five control hospitals.
Analysis
We adopt the 3A (Accessibility, Affordability and Appropriateness) framework to investigate the impacts of HIT on patients' access, financial burden and perceived quality of health care. Empirically, we use the DID model which allows us to evaluate the treatment effects in the above three dimensions when the natural experiment occurred between two time periods. The regression equation can be expressed as:
where i, t and h are patient, time and hospital indices. After is a time dummy indicating the survey round after HIT instalment (year 2011), Treat is a group dummy marking the treatment status, X is a vector of individual characteristics including age, sex, education, race, occupation, marital status, types of health insurance, family income and EQ-5D. 3 H is a vector representing hospital characteristics, which include the number of hospital beds and medical devices with market values higher than 10 000 yuan (e.g. electrocardiogram machines, X-ray diagnostic machines, ambulances). " is the random error term. Y Ã it represents outcomes of interest. Following the 3A framework, Y Ã it contains the following indicators: for accessibility, we use waiting time for hospital registration ('gua hao'), waiting time for diagnosis, whether patients experience doctor referral in the current hospital visit, and their choice of hospital (within Wenchuan or outside Wenchuan) in face of severe illness; for affordability, we use total and categorized medical costs of the current medical event as well as patients' satisfaction level towards hospital charges; for appropriateness, we use patients' reported treatment effect, subjective rating of the treatment quality and the overall satisfaction level toward the work attitude of physicians and nurses.
The coefficient 1 measures the pure 'time' effect, i.e. the common time-series changes in the outcomes among the two groups. The coefficient 2 measures the pure 'group' effect, i.e. the time-invariant difference between the treatment group and the control group. The key parameter is 3 , which captures the treatment effect due to HIT implementation after controlling for individual and hospital-level characteristics.
We also conducted a robustness test on the potential estimation bias caused by the baseline difference between the control and treatment group by using the DID-matching method. 4 Although the conventional DID regression can mitigate concerns on estimation bias by factoring out the impact of time-invariant differences between the control and treatment samples, the DID-matching procedure can further reduce potential patient selection bias caused by picking treatment and control subjects with markedly different characteristics [for a detailed description of the method, see e.g. Smith and Todd (2001) ].
Results
Descriptive statistics
As shown in Table 3 , the average waiting time is 2.47 min for hospital registration and 5.70 min for diagnosis. Ten per cent of patients experience doctor referral during the current Despite these numbers, we may not conclude that health-care quality in Wenchuan is superior. This is because most patients in our sample have relatively mild conditions, such as upper respiratory tract infection and mild trauma. In face of serious illness, a considerable portion (55%) of respondents expressed a preference to seek treatment in more advanced hospitals outside Wenchuan. The average age of respondents is 36.92 years. Of the subjects 60% are female and 78% are married. Thirty-five per cent are identified as ethnic minorities, higher than the national level (8.49%) due to high representation of Qiang and Zang ethnicity in Wenchuan. The sample average schooling is 6.78 years, which is much lower than the 9-year compulsory education level. The majority of respondents have a yearly household income below 20 000 yuan, among whom 18% have an income lower than 5000 yuan per year. Fifty-two per cent of the respondents are farmers. Eighty-four per cent are covered by the New Rural Cooperative Medical Scheme (NRCMS), which is a rural public insurance programme jointly financed by individual enrolees and government subsidies. The above information reflects the underdevelopment of the Wenchuan area, which is characterized by low income, poor education and high reliance on agriculture. The full sample average EQ-5D index is 0.76. The average number of hospital beds and major medical equipment are 12.19 and 5.85 per hospital, respectively. There are significant differences in compositions of ethnicity and household income between the control and the treatment groups. The differences in some outcome variables such as preference for out-of-county treatment and total medical expenses may not lead to biased estimation of HIT impacts, since the effects can be factored out by the DID operation.
Regression results
We observe improvement in health-care accessibility contributed by HIT (Table 4) : HIT considerably promotes referring Patient reported treatment effect of current hospital visit, 0 ¼ no effect, 1 ¼ improved, 2 ¼ cured.
practice among doctors, with the probability of referral increasing by 24.6% and 10.8%, respectively among the inpatients and outpatients. Moreover, there are 48.7% and 31.0% declines in the probability of seeking care outside Wenchuan in face of serious illness among the outpatients and inpatients. However, we also find HIT leads to a 1.88 min increase in waiting time for hospital registration. On the affordability dimension (Table 5) , there are substantial declines in hospital bed costs among inpatients and lab test costs among outpatients (Table 6 ). Moreover, HIT increases the satisfaction level toward hospital charges by 0.26 and 0.69 among outpatients and inpatients, translating to 6.4% and 16.5% increases from the average satisfaction levels of the baseline control group.
HIT is also shown to increase patients' satisfaction on healthcare quality (Table 7) . It contributes to 0.30 (7.6%) and 0.34 (7.9%) increases in the satisfaction level on the overall quality and physician work attitude in the outpatient sample; it also leads to 0.69 (15.8%), 0.64 (14.3%) and 0.62 (13.6%) higher satisfaction ratings on the perceived health-care quality, and work attitude of physicians and nurses among the inpatient respondents. Moreover, we observe improved treatment effectiveness among outpatients.
The robustness test results confirm our previous estimation. For accessibility, inpatient and outpatient respondents in the HIT treatment hospitals are, respectively, 19.3% and 12.8% more likely to receive doctor referrals compared with the control group and are 46.1% and 53.2% less likely to seek health care outside the Wenchuan County in face of serious illness. For affordability, the HIT system is shown to contribute to a 50.7% decline in drug cost and 117.1% decline in hospital bed cost among the inpatients, a 70.1% decline in lab test cost among the outpatients and a 0.18 (4.4%) and 0.45 (10.8%) increase in the satisfaction level of hospital charges among the outpatients and inpatients, respectively. On appropriateness measures, we find HIT enhances patient satisfaction on both the health-care quality and work attitudes of physicians: these subjective ratings increase by 0.35 (8.9%) and 0.30 (7.0%), respectively for outpatients, and by 0.55 (12.5%) and 0.32 (7.2%) among inpatients. Additionally, there is a 0.43 (9.4%) 'Out' and 'In', respectively, represent outpatient and inpatient sample; 'total' represents total medical spending in the current hospital visit; 'satisfaction' represents patient satisfaction level of hospital charge in the current hospital visit. Robust standard errors in parentheses. 'Yes' indicates individual/ hospital characteristics are controlled in the regression. ***, ** and * denote 1%, 5% and 10% confidence levels, respectively. increase in the satisfaction ratings on the work attitude of nurses among inpatients.
Discussion
In summary, the above results provide supportive evidence on the benefits of HIT on health-care delivery in Wenchuan. HIT installation led to increasing doctor referrals, encouraged within-county medical utilization and contributed to higher patient satisfaction on medical care quality, while at the same time reducing patient financial burden in certain expenditure categories. On the other hand, HIT is also shown to increase patient waiting time for hospital registration. We further discuss the mechanisms of these impacts as follows.
Accessibility
Two factors may explain the increased referral rates: first, interoperable EHR and regional health data centre can substantially facilitate the exchange of clinical information among health institutions (Graetz et al. 2008) , thus promotes referral. Second, the tele-health network enhances the communication between local hospitals through the information technologies (e.g. real time tele-conference, visual telephone), facilitating the co-operation between doctors from different institutions and resulting in more frequent referrals. Patients' lower tendency to seek care outside Wenchuan implies increased attractiveness of local medical resources, which may be attributable to at least two factors related to HIT: first, the medical skills of local doctors may have been enhanced by the telecommunication-based medical training held by experts in urban medical centres, which increases the perceived quality of local medical care among patients; second, the tele-consultation system enables remote access to physician experts in urban medical centres, thus directly increases the accessibility of high quality care within the county. The above results suggest that the installed HIT modules may be a potential solution to the 'difficult care' ('kan bing nan') problem that is suffered by most underdeveloped rural areas in China. Obtaining treatment within the county is especially beneficial to patients in such areas, as it helps to avoid their long distance travels and considerably increases their incentive to seek care when sick. The close co-operation between rural hospitals and urban medical centres may be a key ingredient for such improvement.
The increased waiting time for hospital registration may be attributable to the following aspects: first, the local registration staff, who have relatively less education and IT skills compared with those in urban areas, may have difficulty in getting used to the new data entry method and the EHR system; second, local patients, whose education attainment is low, may also encounter difficulties in using the new registration system (such as applying for the 'all-in-one' patient ID card). The learning cost associated with using the new registration system results in the extended waiting time by patients. This reflects the unique challenge for HIT implementation in the underdeveloped rural regions, and it also implies the need to establish IT training programmes after the adoption of HIT systems in such regions.
Affordability
The cost reduction in lab tests may be attributable to reduced occurrence of duplicate tests and timely sharing of patient medical records among health-care professionals from different hospitals. The declining hospital bed cost may be due to the enhanced treatment efficiency which contributes to shorter length of necessary hospital stays. For example, EHR provides evidence-based prescription guidelines for physicians and DSS alerts physicians when improper orders are detected, both of which may help enhance the health-care quality and contribute to higher treatment efficiency. Additionally, the tele-training programmes, which help to develop the professional skills of local health-care providers, may also play a role in improving the treatment efficiency.
Another channel for the declining costs of hospital stays and lab tests may be the EHR facilitated monitoring on physician behaviours. Under the current Chinese health system, physicians have high incentives for over-prescribing lab tests and prolonging inpatient stays. Recent health policy reforms in China intend to restrict such incentives of demand inducement among the physicians, but met great challenges in implementation due to the difficulty in monitoring. During our study period, such reforms occurred in both groups of hospitals, but a more noticeable effect is seen in the treatment group. A plausible explanation is that physicians in the HIT-installed hospitals respond to the pressure of EHR allowing closer monitoring of their activities and thus are incentivized to limit their over-prescription behaviour. In this light, HIT may possess another benefit-strengthening the government intervention programmes by providing a convenient way of external monitoring. Despite the reduced costs on hospital beds and lab tests, no significant decline is observed in total medical expenditures. This phenomenon may be contributed to by the additional costs caused by HIT utilization (such as the self-paid teleconsultation fees).
5 On the other hand, the increased satisfaction level on hospital charge suggests that HIT reduces the perceived (or subjective) financial burden among patients, indicating that the value of the added HIT-related expenses are well received by the patients.
Appropriateness
The improved satisfaction on health-care quality may be attributable to the following factors. First, as discussed above, EHR and DSS may enhance the treatment efficiency, leading to improved patient rating of health-care quality. Second, the teleconsultation systems provide remote access to physician experts in urban medical centres, which directly enhances patients' perceived quality of the received health care. Third, HIT enhances patient satisfaction level on the work attitude of health professionals, possibly because EHR saves physicians' time from maintaining paper-based medical records, and connected nurse stations save nurses' time in ward management, both of which improve the work efficiency of medical professionals, enabling them to spend more time in communicating with patients and leading to improved relationships between providers and patients. Possibly through similar mechanisms, the same pattern is seen for the treatment effects in the outpatient sample. However, the impact of HIT is not significant on the inpatients' reported treatment effect, possibly due to the more severe conditions seen among the inpatient sample, making the benefit of HIT harder to be observed.
The differences between the control and treatment groups in composition of ethnicity and household income may cast concerns on biased estimation results. First, the higher proportion of Han people in the treatment group may lead to overestimation of HIT benefits, since the Han people are usually of better socioeconomic status than the minorities, and are likely to enjoy better social networks that help them recover from the earthquake. Second, the higher proportion of highincome subjects in the treatment group may also lead to overestimating HIT's benefits, since the high-income people may have better access to high-quality health care. However, the multivariate DID model that controls demographic and socioeconomic characteristics may help mitigate these concerns.
In the robustness test, we also employ the DID-matching method to confirm our DID estimations.
It should also be acknowledged that our study is subject to several limitations. First, the 'natural experiment' observational study relies on the assumption that the treatment and control groups do not differ in their outcome changes in absence of HIT intervention. Although our 'quasi-random' study design is able to remove some pre-existing heterogeneity between the two groups, it cannot completely rule out their inherent differences, thus our estimated HIT benefits may be biased if such differences are correlated with the HIT impacts. Second, there may be shifts in the composition of patient conditions between the two surveys. For instance, the increased professional skills of health-care providers in HIT-installed hospitals may attract a higher proportion of patients with severe conditions in the follow-up survey, which can attenuate the HIT benefits. Third, the long-term benefits of HIT may be larger than the estimates from the current analysis whose follow-up survey was taken just one year after the baseline survey. The potential lagged effects of HIT due to, e.g. the additional time required by hospitals and physicians to fully adopt and get used to the installed HIT, mean that the potential benefits may accrue in multiple years rather than immediately. While the first limitation may result in upward or downward bias in the estimated HIT benefits, the latter two limitations tend to bias our estimates downwards.
Conclusions
China is undergoing a systematic health reform that aims to provide high-quality, equally accessible health care at affordable costs. HIT is regarded as an essential way for achieving this goal, and is becoming an integral part of China's health reform plan. Despite the policy initiative, limited empirical evidence has been established to justify such expansion that entails substantial upfront investment. Our results show that HIT generates discernible values in various aspects of health-care delivery. It improves patient access to health care by facilitating co-ordination among physicians and promoting doctor referrals in both the inpatient and outpatient sectors, while it encourages patient utilization of local health-care resources in face of more severe diseases. In the affordability dimension, HIT improves patient perceived financial burden and contributes to significant declines in the costs of lab tests and hospital stays. In addition, HIT shows significant benefits in improving patient satisfaction on health-care quality and patient-provider relationship. Although total medical expenditure remains the same with HIT, the quality of health care goes up, implying the cost per unit of quality is actually falling. All of the above findings suggest that HIT can play an important role in solving the 'difficult and expensive care' ('kan bing nan, kan bing gui') problem in the underdeveloped rural areas.
However, our results also reveal some undesired influence of HIT implementation, which reflects the unique challenges faced by HIT users in the underdeveloped regions. For example, HIT leads to an increase in patient waiting time for hospital registration, as the local registration staff with relatively insufficient IT skills may suffer from high learning costs in using the computer-based systems. This suggests that the HIT implementation in underdeveloped areas that suffer from low human capital accumulation should be accompanied by timely IT training programmes, without which the above challenges may limit the full utilization of HIT and lead to non-negligible barriers for further HIT expansion. Additionally, although HIT may help reduce medical costs by avoiding comorbidities, some HIT related costs (such as tele-consultation fees) are not currently covered by public health insurance, which may translates to elevated financial burden on patients. Given their low-income levels, a small decrease in medical costs may substantially enhance patients' utilization of HIT in underdeveloped areas and lead to overall medical cost savings for the society. Thus, the potential value of HIT can be leveraged by stronger government commitment and corresponding health insurance reforms to expand coverage of HIT related medical expenses.
